GaAs/AlGaAs hetero-junction bipolar transistors (HBTs) have attracted much attention because of their high-speed performance. However, long-term operation seriously degrades the device characteristics: Current gain decreases and low-bias-leakage current increases. This degradation has long been an issue in GaAs-based devices operated under minority-carrier injection, like laser diodes. The cause of degradation is thought to be in the carbon (C) -doped base, but this is not yet certain. In this paper degradation of HBTs is described, especially GaAs/AlGaAs HBTs with heavily C-doped base layer. Here, two types of the device degradation are found, i.e., hydrogen (H) -related degradation and C-related degradation. The mechanisms governing the degradation are discussed from the frame work of recombination enhanced defect reaction (REDR) and charge state effect (CSE).
To study the H-related defects and C-related defects effect on device degradation, we have chosen rather simple diodes instead of the HBTs, and measured the low-bias-leakage current: Our diode structure is p + -GaAs: C (4 × 10 19 cm -3 )/n-AlGaAs: Si (2 ×  10 18 cm -3 ). H concentration in the C-doped layers was controlled by intentional H doping during MOVPE growth and by successive thermal annealing. Two states of H were found in the layer: H donors isolated from C (H + ) in addition to C-H complexes. C-related defects consentration in the C-doped layers was controlled by successive thermal annelaing. The annelaing temperatures were 530, 600, 700, and 750˚C, and the duration was 10 min. To degrade the devices, the diodes (80 × 80 µm 2 ) were forward-biased at a current density of 0.08 to 1.6 kA/cm 2 for 1 to 1500 h at 200˚C. The leakage current of the diodes observed was similar to that of HBTs, which was monitored at a forward bias of 0.7 V at room temperature.
First, we measured the dependence of leakage current on injection time for H-related defects. In the samples containing C-H complexes, leakage current increases with injection time. By contrast, in samples having C-H complexes evacuated by thermal annealing, no increase in leakage current is observed even after 1500 h. Diode currents without minority-carrier injection did not change. These results led us to conclude that C-H complexes induce increases in leakage current under minority-carrier injection. We next measured the leakage current dependence of injection current density, as shown in Fig. 1 . It is clearly shown that the exponential decay is proportional to J 2 . Thus, leakage current increase is dramatically dependent on injection current density. The J 2 dependence can be explained by assuming that the decomposition of C-H complexes would be accomplished by two electron capturing, i.e., CSE. These results suggest that such defects formed by high-temperature annealing would also induce degradation in the GaAs-based devices under minority-carrier injection. To confirm this, we measured the injection time dependence of leakage current for the diodes annealed at 650˚C for 5 min. In this case, the hole concentration in the p + -GaAs:C decreased from 7 × 10 19 to 6 × 10 19 cm -3 . We found that the leakage current increases with injection time, as shown in Fig. 2 . Moreover, leakage current is proportional to injection current. The diode currents without minority-carrier injection did not change. This is an evidence that REDR occurs. These results lead us to conclude that the defects formed by high-temperature annealing induce the increase in the leakage current under minority-carrier injection. We infer that the current leakage occurs through the recombination centers formed by reactions C As -+ C i ++ (2 C i ) + and/or C As -+ V As + (V As C As ) 0 . The mechanisms governing the degradation are discussed from the framework of recombination enhanced defect reaction (REDR) and charge state effect (CSE).
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Keywords：C-doped GaAs, HBT, hydrogen/carbon-related defects, charge state effect, recombination enhanced defect reaction The diode is 80 × 80 µm 2 and is fabricated by mesa etching. (15)). This calculation was done under the assumption of no compensation. Our previously reported results are also plotted in this figure (see Ref. (2)).
High-temperature annealing generates compensation centers and scattering centers. were estimated from eqs. (7) and (8). 
